that support protein quality control, including heat shock protein 70 (Hsp70), participate in diverse aspects of cellular and physiological function. Recent studies have reported roles for specific chaperone activities in blood platelets in maintaining hemostasis; however, the functions of Hsp70 in platelet physiology remain uninvestigated. Here we characterize roles for Hsp70 activity in platelet activation and function. In vitro biochemical, microscopy, flow cytometry, and aggregometry assays of platelet function, as well as ex vivo analyses of platelet aggregate formation in whole blood under shear, were carried out under Hsp70-inhibited conditions. Inhibition of platelet Hsp70 blocked platelet aggregation and granule secretion in response to collagen-related peptide (CRP), which engages the immunoreceptor tyrosine-based activation motif-bearing collagen receptor glycoprotein VI (GPVI)-Fc receptor-␥ chain complex. Hsp70 inhibition also reduced platelet integrin-␣IIb␤3 activation downstream of GPVI, as Hsp70-inhibited platelets showed reduced PAC-1 and fibrinogen binding. Ex vivo, pharmacological inhibition of Hsp70 in human whole blood prevented the formation of platelet aggregates on collagen under shear. Biochemical studies supported a role for Hsp70 in maintaining the assembly of the linker for activation of T cells signalosome, which couples GPVI-initiated signaling to integrin activation, secretion, and platelet function. Together, our results suggest that Hsp70 regulates platelet activation and function by supporting linker for activation of T cells-associated signaling events downstream of platelet GPVI engagement, suggesting a role for Hsp70 in the intracellular organization of signaling systems that mediate platelet secretion, "inside-out" activation of platelet integrin-␣IIb␤3, platelet-platelet aggregation, and, ultimately, hemostatic plug and thrombus formation.
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chaperones; hemostasis; integrin; platelets; thrombosis HEAT SHOCK PROTEIN (Hsp) 70 is an ATP-powered, 70-kDa molecular chaperone that regulates a myriad of protein qualitycontrol processes, including folding of nascent polypeptides, trafficking of proteins across membranes, prevention of protein aggregation, and protein complex assembly and disassembly (15, 34, 46) . Hsp70 is an abundantly expressed and highly conserved protein with 50% sequence homology between mammals and prokaryotes, highlighting the importance of Hsp family members in protein homeostasis throughout evolution (10) . In human cells, the significance and complexity of Hsp70 function are evident in the functions of the 13 members of the human Hsp70 family, including the cytosolic, stress-inducible Hsp70 (or Hsp72) and its constitutively expressed heat shock cognate 71-kDa protein (Hsc70), the endoplasmic reticulum (ER)-localized 78-kDa glucose-regulated protein (Grp78, or binding immunoglobulin protein), and the mitochondrial form mtHsp70 (or Grp75/mortalin) (39) . These Hsp70 family members regulate diverse cellular processes through an association with Ͼ50 co-chaperones, and the arrangement of co-chaperones with Hsp70 varies across different contexts, allowing for a precise combinatorial control over the activity and specificity of Hsp70 (26, 39) .
Platelets serve as the cellular guardians of vascular integrity. Upon exposure to extracellular matrix proteins such as collagen, platelets undergo a carefully orchestrated activation program, resulting in platelet shape changes, secretion, filopodia formation, and, ultimately, platelet-platelet aggregation (6, 8) . Platelet-platelet aggregation is largely mediated by the activation of integrin-␣ IIb ␤ 3 , which undergoes conformational changes in response to platelet stimulation to bind soluble fibrinogen, bridging platelets to one another to form hemostatic plugs (32) . Chaperone proteins such as protein disulfide isomerase (PDI), ER oxidoreductin 1␣ (Ero1␣), ER protein 57 (ERp57), and ER protein 5 (ERp5) have emerging roles in regulating the activities of platelets and other hematopoietic cells (20, 21, 38, 55) . However, while both Hsp70 and Hsp90 family members have been identified in platelets (31, 36, 42, 48) , specific roles for Hsp70 activity in platelet function and aggregate formation have not been addressed.
Here we investigate the role of Hsp70 in platelet function. We find that platelets express abundant Hsp70 protein and that Hsp70 localizes throughout platelets, while partially colocalizing with other chaperones such as Hsp90 and PDI. In vitro and ex vivo assays of platelet physiological function point to a role for Hsp70 upstream of "inside-out" activation of integrin-␣ IIb ␤ 3 , granule secretion, and platelet aggregation, as well as aggregate formation under shear. Analyses of the intracellular signaling events of platelet activation suggest that Hsp70 has a minimal role in the activation of signaling events that mediate platelet activation but support a role for Hsp70 in regulating the assembly of linker for activation of T cells (LAT) signalosome to ensure a proper coordination of platelet signaling, activation, and function. Together, our results support roles for Hsp70 chaperone activity in platelet function and aggregation through regulation of the organization of the molecular events of platelet activation upstream of platelet integrin-␣ IIb ␤ 3 activation and secretion. In vitro platelet studies. Washed human platelets were prepared from venous blood drawn from a rotating pool of 18 healthy volunteers by venipuncture into sodium citrate [1:9 (vol/vol)] in accordance with a protocol approved by the Oregon Health & Science University Institutional Review Board as previously described and with written informed consent from the volunteers (6). Blood was centrifuged at 200 g for 20 min to obtain platelet-rich plasma, and platelets were isolated from platelet-rich plasma by centrifugation at 1,000 g for 10 min in the presence of prostacyclin (0.1 g/ml). Platelets were resuspended in modified HEPES-Tyrode buffer and washed once via centrifugation at 1,000 g for 10 min. Washed platelets were resuspended in modified HEPES-Tyrode buffer to the indicated concentration.
MATERIALS AND METHODS

Reagents
Platelet aggregation. Aggregation studies were performed using 300 l of platelets (2 ϫ 10 8 /ml) pretreated with inhibitors for 10 min. Platelet aggregation was initiated by CRP (1 or 3 g/ml) and monitored under continuous stirring at 1,200 rpm at 37°C by measuring changes in light transmission using a PAP-4 aggregometer, as previously described (9) .
Flow cytometry analysis. Washed human platelets (2 ϫ 10 7 /ml) were pretreated with inhibitors for 10 min before stimulation with CRP (10 g/ml) or thrombin (1 U/ml) for 20 min in the presence of CD62E/CD62P-FITC, PAC-1-FITC, OG488-FG, or CD61-PE. Samples were diluted in HEPES-Tyrode buffer and analyzed by flow cytometry (BD FACSCanto II, Becton Dickinson). Platelets were identified by logarithmic signal amplification for forward and side scatter, and the geometric mean fluorescence of each sample was recorded.
Platelet aggregate formation under flow. Sodium citrate-anticoagulated blood was pretreated with inhibitors or antibodies for 10 min and perfused at 2,200 s Ϫ1 and 37°C through glass capillary tubes coated with collagen (100 g/ml) and surface-blocked with denatured BSA to form platelet aggregates, as previously described (7). Imaging of aggregates was performed using Köhler-illuminated Nomarski differential interference contrast optics with a Zeiss ϫ40/0.75 NE EC Plan-Neofluar lens on a Zeiss Axiocam MRm camera and Slidebook 5.0 software (Intelligent Imaging Innovations). Aggregate surface area was computed by manual outlining and quantification of platelet aggregates, as previously described (7).
Hsp70 signaling and interaction studies. For Hsp70 protein association studies, Hsp70-glutathione S-transferase (GST) and GST proteins were expressed in vitro from plasmid encoding GST-tagged human HSPA1A (Genecopoeia) or pGEX, as previously described (5) . LAT immunoprecipitation and Western blotting were carried out as previously described (9) .
Statistical analysis. Data were analyzed by two-way ANOVA (date and treatment as factors), and post hoc analysis was performed via Tukey's honest significant difference test. P Ͻ 0.05 was considered statistically significant for all tests. Statistical analyses were performed using R (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Hsp70 expression and localization in platelets.
To investigate a role for Hsp70 in platelet physiological function, we first examined the relative expression of Hsp70 and Hsp90 proteins in human platelets. Human platelet lysates were separated by gel electrophoresis, transferred to nitrocellulose, and analyzed for Hsp70 and Hsp90 expression by Western blotting. As seen in Fig. 1A , human platelets contain abundant Hsp70 protein at levels similar to MDA-MB-231 breast cancer cells. Platelets also express Hsp90 protein; however, the ratio of Hsp90 to Hsp70 proteins was less in platelets than nucleated MDA-MB-231 cells. In eukaryotic cells, Hsp proteins regulate a multitude of functions associated with the maintenance of protein quality control in the ER and cytoplasm, as well as at specific intracellular membrane systems (59) . Accordingly, we next examined the intracellular localization of Hsp70 and Hsp90 proteins in human platelets adherent to a surface of fibrinogen by fluorescence microscopy. As seen in Fig. 1B , Hsp70 localized in a punctate pattern throughout the platelet cytoplasm, as revealed by costaining of platelets for Hsp70 and actin. Costaining of platelet Hsp70 together with Hsp90 revealed partial colocalization of these Hsp chaperone proteins in the organelle-and vesicle-rich platelet granulomere, while Hsp70 showed a more diffuse localization throughout the platelet cytoplasm, as well as the platelet plasma membrane, than Hsp90 (Fig. 1C) . Costaining of Hsp70 together with PDI, an ER-localized protein chaperone that is enriched in the plateletdense tubular system (52), demonstrated minimal colocalization with Hsp70, suggesting that chaperone functions for Hsp70 and PDI are differentially compartmentalized in platelets (Fig. 1D) .
Hsp70 inhibition reduces platelet aggregation and P-selectin exposure. Upon stimulation of platelets with CRP, a crosslinked peptide that mimics fibrillar collagen and specifically engages and activates the platelet glycoprotein VI in the absence of integrin-␣ 2 ␤ 1 activation, leads to platelet Src kinase activation and phosphorylation of the glycoprotein receptor VI (GPVI)-associated-Fc receptor-␥ chain complex (56) . These receptor-mediated complex assembly and phosphorylation events then promote the assembly of the LAT signalosome at the platelet plasma membrane to support intracellular calcium signaling events, as well as inside-out-mediated conforma-tional changes in integrin-␣ IIb ␤ 3 to, in turn, drive fibrinogen binding, granule secretion, and platelet-platelet aggregation (56) . To test the hypothesis that Hsp70 activity has roles in the platelet activation program, we first examined the ability of platelets to aggregate in response to CRP under Hsp70-inhibited conditions. To inhibit Hsp70 activities, we took advantage of two separate pharmacological inhibitors of Hsp70, VER and MKT. VER is an adenosine derivative that interacts directly with the ATP binding pocket of Hsp70, Hsc70, and Grp78 (33, 47, 57) . MKT is a rhodacyanine dye that binds mitochondrial Hsp70 (mtHsp70 or mortalin), Hsc70, and Hsp70 at an allosteric site near the ATP binding site, preventing allosteric communication between the Hsp70 ATP binding site and substrate binding sites (45, 54) . As seen in Fig. 2A , aggregation of washed human platelets in response to stimulation with 1 g/ml CRP was strongly inhibited by 20 M MKT or VER (16.6 Ϯ 2.2% and 10.7 Ϯ 2.4% of control, respectively); aggregation in response to 3 g/ml CRP was also inhibited by 20 M MKT or VER. Conversely, aggregation in response to thrombin receptor-activating peptide 6, which promotes platelet activation through protease-activated receptor (PAR)-coupled G q and G 13 pathways independent of immunoreceptor purified human platelets (1 ϫ 10 9 /ml) and MDA-MB-231 breast cancer cells were lysed directly into Laemmli sample buffer, separated by SDS-PAGE, and analyzed for Hsp70 and Hsp90 protein expression by Western blotting (WB). Samples were normalized to total ␣-tubulin content to control for protein loading. B-D: replicate samples of washed human platelets (2 ϫ 10 7 /ml) were spread on a surface of fibrinogen before fixation, staining, and visualization by differential interference contrast (DIC) and fluorescence microscopy for expression and colocalization of Hsp70 (green) and actin (red), Hsp70 (green) and Hsp90 (red), and Hsp70 (green) and protein disulfide isomerase (PDI; red). Scale bar ϭ 10 m. Platelet activation by CRP initiates the secretion of Pselectin from platelet ␣-granules to support platelet aggregate growth and stability through interactions with integrin-␣ IIb ␤ 3 that also allow for fibrinogen binding and platelet-platelet aggregation (35) . To examine the role of Hsp70 in platelet granule secretion and P-selectin exposure by flow cytometry, washed human platelets were treated with Hsp70 inhibitors before stimulation with CRP or thrombin and labeling with antibodies against P-selectin (CD62P). As seen in Fig. 2D , MKT or VER (20 M) significantly decreased P-selectin exposure upon stimulation by CRP (55.7 Ϯ 1.8% and 45.1 Ϯ 4.2% of control, respectively) but not by thrombin (89.1 Ϯ 11.2% and 95.4 Ϯ 13.0% of control, respectively).
Hsp70 inhibition blocks platelet integrin-␣ IIb ␤ 3 activation. Next, to specifically examine inside-out integrin-␣ IIb ␤ 3 activation following Hsp70 inhibition, Hsp70-inhibited platelets were stimulated with CRP before incubation with fluorescently labeled PAC-1 antibodies that bind specifically to activated integrin-␣ IIb ␤ 3 . As seen in Fig. 3A , MKT or VER (20 M) decreased the activation of integrin-␣ IIb ␤ 3 upon CRP stimulation as indicated by decreased detection of PAC-1 (67.1 Ϯ 7.8% and 7.2 Ϯ 0.7% of control, respectively). Hsp70 inhibition and loss of ␣ IIb ␤ 3 -integrin activation were associated with a reduced capacity of stimulated platelets to bind to soluble fibrinogen, as measured by flow cytometry analysis of the capacity of Hsp70-inhibited platelets to bind OG488-FG (31.7 Ϯ 8.7% and 27.5 Ϯ 6.1% of control, respectively; Fig.   3B ). The reduction in fibrinogen binding following Hsp70 inhibition was not likely the result of a reduced presence of integrin-␣ IIb ␤ 3 on the surface of the platelet plasma membrane, as resting integrin-␤ 3 (CD61) surface expression was not significantly changed by treatment with 20 M MKT or VER (107.1 Ϯ 7.1% and 104.5 Ϯ 8.0% of control, respectively, n ϭ 4) as determined by flow cytometry analysis.
Inhibition of Hsp70 dampens platelet aggregate formation under shear. In addition to supporting platelet aggregation in solution, GPVI signaling, integrin-␣ IIb ␤ 3 inside-out activation, and fibrinogen binding serve roles in platelet aggregate growth on surfaces of extracellular matrix proteins under conditions of physiological shear (22) . Accordingly, using control and Hsp70-inhibited conditions, we examined platelet aggregate formation on collagen under physiological shear. Whole, citrated human blood was pretreated with Hsp70 inhibitor before perfusion over a surface of collagen at an arterial shear rate of 2,200 s Ϫ1 for 5 min. Adherent cells were fixed, visualized, and quantified for surface area. As seen in Fig. 4 , VER (40 M), which is bioavailable in vivo (33), reduced aggregate surface area to 42.7 Ϯ 11.4% of control (0.1% DMSO). This ex vivo assay of platelet function supports a role for Hsp70 in regulating integrin-␣ IIb ␤ 3 -mediated platelet aggregate formation in whole blood under shear.
Hsp70 interacts with and regulates components of the LAT signalosome. Inhibition of integrin-␣ IIb ␤ 3 activation and platelet aggregation, as well as P-selectin exposure, in response to CRP, but not PAR, agonists under Hsp70-inhibited conditions suggested a role for Hsp70 in the intracellular signaling events that drive platelet activation downstream of GPVI engagement (56) . Accordingly, we examined the activation of signaling pathways downstream of CRP stimulation in platelets under Hsp70-inhibited conditions. As seen in Fig. 5A , under control conditions, stimulation of platelets with CRP promoted the activation of Src-mediated tyrosine kinase signaling events, as determined by Western blotting for total phosphotyrosine proteins with 4G10 antiserum, phosphorylated Src, phosphorylated LAT, and phospholipase C␥ 2 (PLC␥ 2 ), as well as Akt phosphorylation (Fig. 5B) . As expected, the activation of kinase signaling was abolished by preincubation of platelets with the Src kinase inhibitor PP2, which blocks the earliest steps of platelet activation initiated by CRP stimulation (Fig. 5,  A and B) . However, despite a decrease in platelet integrin activation, aggregation, and P-selectin exposure following CRP stimulation (Figs. 2 and 3) , inhibition of Hsp70 did not significantly affect CRP-stimulated protein tyrosine phosphorylation, Src kinase phosphorylation, and Akt activation, while it mildly inhibited PLC␥ 2 phosphorylation (Fig. 5, A and B) .
Similar to inhibition of Hsp70, genetic deletion of LAT, a scaffolding protein that organizes functional interactions among key mediators of platelet activation downstream of ITAM receptor stimulation, including 76-kDa SH2 domaincontaining leukocyte protein, Vav1/3, and PLC␥ 2 , has limited effects on tyrosine kinase activation and protein phosphorylation downstream of GPVI engagement (37) . LAT deletion also disrupts the organization of PLC␥ 2 -mediated signaling requisite for platelet integrin activation, aggregation, and granule secretion (24, 58) . Given the diverse roles for Hsp70 in protein complex assembly in a number of intracellular signaling processes (43) , particularly at the intracellular surface of the plasma membrane (16), we examined the ability of ADP-and ATP-loaded Hsp70 to interact with components of the LAT signalosome from resting and activated platelets in vitro. Under ATP-loaded conditions, immobilized GST-Hsp70 supported the capture of LAT signalosome components, including Vav1 and PLC␥ 2 , from CRP-stimulated platelet lysates (Fig.   5C ). As a positive control, ATP-loaded Hsp70 also supported the capture of Hsp90 from platelet lysates (Fig. 5C) .
Next, to examine roles for Hsp70 activity in LAT signalosome organization and platelet function, we immunoprecipitated endogenous LAT from resting and CRP-activated platelets under control and Hsp70-inhibited conditions and monitored the coprecipitation of LAT signalosome-associated proteins (Fig. 5D) . Western blot analyses of LAT immunoprecipitates confirmed that LAT readily immunoprecipitated from platelet lysates (Fig. 5D ). In agreement with signaling studies (Fig. 5A) , stimulation of platelets with CRP prior to lysis and LAT immunoprecipitation upregulated the phosphorylation of immunocaptured LAT, which was inhibited in the presence of PP2, but not the Hsp70 inhibitors VER and MKT (Fig. 5D) . Notably, PLC␥ 2 , which coprecipitated with LAT under resting as well as CRP-stimulated conditions, did not associate with LAT in the presence of the Hsp70 inhibitors VER and MKT. Hsp70 inhibition similarly prevented the detectable interaction of LAT with Vav1, which associates with the LAT signalosome to regulate PLC␥ 2 activation and platelet aggregation (40) . Together, these results suggest that, in platelets, Hsp70 activity has a role in organizing and maintaining the assembly of the LAT signalosome independent of the activation of tyrosine kinases that signal the initiation and progression of the platelet activation program in response to CRP.
DISCUSSION
Here we report a role for the molecular chaperone Hsp70 in platelet function. Physiological, biochemical, and flow cytometry experiments highlighted a role for Hsp70 in platelet integrin-␣ IIb ␤ 3 activation, granule secretion, and aggregation, as two distinct Hsp70 inhibitors reduced CRP-induced PAC-1 or fluorescent fibrinogen binding as well as P-selectin surface exposure and platelet aggregation. Hsp70 inhibition also pre- vented platelet aggregate formation in an ex vivo model of blood flow under arterial shear, demonstrating an inhibitory effect under physiological shear in addition to static conditions. Together with intracellular signaling and protein complex studies of the LAT signalosome, our results suggest that, following the activation of ITAM-bearing receptor systems in platelets, Hsp70 helps organize intracellular molecular processes that orchestrate inside-out integrin activation as well as secretion events that drive platelet-platelet aggregation.
Previous studies have alluded to roles for Hsp70, as well as Hsp90, family members in platelet function. Phosphorylated Hsc70 associates with Hsp90 and PP1 in resting platelets and dissociates from this complex upon platelet activation by collagen, but not thrombin (42) . Inhibition of Hsp90 reduces the trafficking of the ATP-gated ion channel P2X 1 to the platelet surface and also interferes with P2X 1 calcium channel gating, reducing receptor responsiveness to ATP (29) . Grp94, the ER paralog of Hsp90, assists in folding and assembly of the platelet glycoprotein Ib-IX-V complex, the receptor for von Willebrand factor-mediated platelet adhesion and activation (48) . In this study we identified a role for Hsp70 in platelet activation and aggregation associated with the inside-out activation of integrin-␣ IIb ␤ 3 . While inhibition of Hsp70 did not limit the localization of integrin-␣ IIb ␤ 3 on the platelet surface, Hsp70 inhibition abrogated platelet functional responses associated with inside-out integrin-␣ IIb ␤ 3 activation, notably, platelet aggregation as well as granule secretion (Fig. 2) and platelet aggregate formation under physiological shear (Fig. 4) .
Despite the inability of platelets to fully activate integrin-␣ IIb ␤ 3 and aggregate in response to CRP stimulation under Hsp70-inhibited conditions (Figs. 2 and 3) , the intracellular signaling systems that support these processes appear to activate normally (Fig. 5A) , suggesting potential organizational defects in the molecular events of platelet activation when Hsp70 is inhibited. As the effects of Hsp70 inhibition phenocopy those reported for genetic deletion of LAT in platelets (37), we examined roles for Hsp70 in the assembly and organization of the LAT signalosome. After activation of ITAM-bearing receptors such as GPVI/Fc receptor-␥ chain and C-type lectin-like receptor-2, tyrosine phosphorylation of LAT organizes a complex of key mediators of platelet activation, most notably PLC␥ 2 , as well as Vav1, SLP-76, Btk/Tec, Grb2, and Gads (2), to support platelet granule secretion, integrin activation, and platelet aggregation (25, 37) . We found that recombinant, ATP-loaded Hsp70 captured Vav1 and PLC␥ 2 from CRP-stimulated platelet lysates (Fig. 5C ). Immunoprecipitation of endogenous LAT from resting and CRP-activated platelets revealed that Hsp70 inhibition blocked the association of PLC␥ 2 , as well as Vav1, from LAT but had no effect on LAT phosphorylation (Fig. 5D ). There have been no reports of chaperone activities in the regulation of LAT-associated signaling and cellular physiological function. However, Vav1, a component of the LAT signalosome, associates with and is regulated by Hsc70 in tumor cells (44) . Also, the Hsp70 co-chaperone BCL2-associated athanogene (BAG)-3 helps regulate phospholipase protein signaling downstream of epidermal growth factor receptor activation (18, 19) . While the role of BAG proteins in platelet physiology has not been examined, proteomics studies have reported expression of a number of BAG family members in platelets (11) .
In addition to the Hsp family members, oxidoreductase chaperones have emerging roles in platelet activation and thrombotic function. PDI and two of its homologs (ERp5 and ERp57) have been found to be released from endothelial cells and platelets: endothelial PDI is essential for thrombus formation, and platelet PDI is essential for thrombus growth (20) . Extracellular PDI, ERp5, ERp57, and the ER oxidoreductase Ero1␣ have been found to regulate the active conformation of integrin-␣ IIb ␤ 3 , and blocking these thiol isomerases inhibits activation of integrin-␣ IIb ␤ 3 (14, 38, 49, 55) . Similar to the oxidoreductase chaperones PDI, ERp5, ERp57, and Ero1␣, our results show a role for Hsp70 chaperone activity in integrin activation, suggesting that chaperones, in addition to thiol isomerases, may regulate platelet integrin conformational changes and activation. While our data support a role for intracellular Hsp70 in the regulation of platelet secretion as well as integrin activation, we cannot exclude a role for extracellular Hsp70 in supporting platelet integrin activation, fibrinogen binding, and thrombus formation. Indeed, while Hsp70 is primarily present intracellularly, under activating conditions, Hsp70 can translocate to the cell surface and is also secreted from exosomes (30, 53) . Extracellular Hsp70 binds Toll-like receptors and other surface receptors on neighboring macrophages, monocytes, neutrophils, or dendritic cells, which initiates an inflammatory response through activation of the NFB and MAP kinase pathways (1, 3, 4, 13, 23, 50) . A hypothetical role for extracellular Hsp70 activity is also supported by work in other cell models showing that Hsp70 associates with integrins (12) , that the Hsp70 family member Grp78/binding immunoglobulin protein and PDI cooperate to carry out chaperone activities (17) , and that the cytosolic Hsp70 member Hsc70 associates with PDI and ERp57 in endothelial cell lipid rafts to facilitate integrin activation (17, 42) .
Apart from specific platelet-based functions, it has been hypothesized that Hsp70 has roles in cardiovascular health that may be linked to platelet physiology. Circulating Hsp70 has a role in vascular calcification in patients with atherosclerosis (28) . Cardioprotective roles have also been shown for circulating Hsp70, suggesting that higher levels of Hsp70 in hypertensive individuals can mitigate the development of atherosclerosis, potentially through inflammatory functions mediated by Hsp70 (41) . Furthermore, intracellular Hsp70 has been shown to exert a cardioprotective effect through association with integrin-linked kinase (ILK) in cardiomyocytes (51) . While platelet ILK has a role in integrin-␣ IIb ␤ 3 activation and thrombus growth (27) , specific connections between ILK and Hsp70 in platelets have not been investigated. Surface Grp78 in platelets was also found to have an atheroprotective role through binding and inactivation of tissue factor (36) . The contrasting effects of circulating and intracellular Hsp70 suggest that Hsp70 plays diverse roles in circulatory cell function in a manner related to the cardiovascular and inflammatory state of the patient or experimental subject in question.
In conclusion, this study finds a role for Hsp70 activity in platelet hemostatic function associated with the regulation of integrin activation and granule secretion following stimulation of platelet ITAM receptors. Our data suggest that Hsp70 activity ensures the proper molecular organization of intracellular mediators of the platelet activation program around the LAT signalosome, including Vav1 and PLC␥ 2 , which support activation of integrin-␣ IIb ␤ 3 and granule secretion to mediate platelet aggregation and aggregate formation under shear. Given the emerging roles of molecular chaperones in the regulation of cellular signaling pathways and cellular physiology, Hsp70-associated activities represent an interesting topic of investigation for future studies of physiological and pathological processes that impact platelet activation in normal physiology and disease states.
